The global three-dimensional Lagrangian chemistry-transport model STOCHEM has been used to follow changes in the tropospheric distributions of methane CH 4 and ozone O 3 following the emission of pulses of the oxides of nitrogen NO x . Month-long emission pulses of NO x produce deficits in CH 4 mixing ratios that bring about negative radiative forcing (climate cooling) and decay away with e-folding times of 10-15 years. They also produce short-term excesses in O 3 mixing ratios that bring about positive radiative forcing (climate warming) that decay over several months to produce deficits, with their attendant negative radiative forcing (climate cooling) that decays away in step with the CH 4 deficits. Total time-integrated net radiative forcing is markedly influenced by cancellation between the negative CH 4 and long-term O 3 contributions and the positive short-term O 3 contribution to leave a small negative residual. Consequently, total net radiative forcing from NO x emission pulses and the global warming potentials derived from them, show a strong dependence on the magnitudes, locations and seasons of the emissions. These dependences are illustrated using the Asian continent as an example and demonstrate that there is no simple robust relationship between continental-scale NO x emissions and globally-integrated radiative forcing. We find that the magnitude of the time-integrated radiative forcing from NO x -driven CH 4 depletion tends to approach and outweigh that from ozone enhancement, leaving net time-integrated radiative forcings and global warming potentials negative (climate cooling) in contrast to the situation for aircraft NO x (climate warming). Control of man-made surface NO x emissions alone may lead to positive radiative forcing (climate warming).
Introduction
Emissions of nitrogen oxides NO x from human activities, together with those of methane CH 4 , carbon monoxide CO and organic compounds VOCs, take part in controlling the oxidizing capacity of the troposphere and hence the atmospheric lifetime of CH 4 and its global-scale build-up. The growth in NO x emissions from human activities since preindustrial times has also brought about an increase in the tropospheric ozone O 3 burden (Volz and Kley 1988) and is associated with a positive radiative forcing of climate. The Intergovernmental Panel on Climate Change (2001) report that the radiative forcings from the changes in atmospheric composition of methane and tropospheric ozone since preindustrial times are the second and third most important trace gas forcings after carbon dioxide CO 2 . In addition, NO x emissions have further impacts on climate through the formation of nitrate aerosol (Schaap et al. 2004; Liao and Seinfeld 2005) and from impacts on the carbon cycle (Schimel 1995) . Despite the magnitude of these radiative forcings, NO x emissions, in particular, and tropospheric O 3 precursor gases, in general, have not been included in the basket of trace gases within the Kyoto Protocol to the United Nations Framework Convention on Climate Change.
Policy actions on climate change need to take into account the relative magnitudes and timescales of the many radiative forcing agents, such as CO 2 , CH 4 and O 3 , and processes, such as land-use change and global aviation (IPCC 2001) . A range of different climate change metrics have been proposed but here, attention will be given to two metrics in particular: radiative forcing RF and global warming potential GWP. RF is an instantaneous property of the atmosphere and has been extensively defined, reviewed and utilised by the IPCC (1990) . It has been employed to quantify the impact on the transmission of radiation through the atmosphere due to changes in the trace gas distributions since pre-industrial times but takes no account of how long such changes will persist in the absence of the human activities that are driving them. The concept of the global warming potential GWP has been introduced to provide a measure of the relative importance of the different trace gases for their influence on the climate system.
The GWP of a trace gas is defined as the instantaneous mass emission of carbon dioxide that gives the same time-integrated radiative forcing as the instantaneous emission of unit mass of the trace gas when considered over a given time horizon. The radiative properties of the trace gas control the absorption of radiation per unit mass burden but the atmospheric lifetime, or more accurately the adjustment time, controls how long a given mass burden of the trace gas is retained in the atmosphere and influences the climate system. The choice of time horizon is up to the user but here we adopt a 100-year time horizon. The background to the definition and estimation of GWPs is given elsewhere (IPCC 1990; IPCC 1995; WMO 1999) and is further discussed in Godal and Fuglestvedt (2002) and Shine et al. (2005a) . The time-integrated radiative forcing over a given time horizon is sometimes referred to as the absolute global warming potential, AGWP. Here, we restrict our usage of the terms time-integrated radiative forcing and GWP to CH 4 and O 3 and of AGWP to the reference gas for the GWPs, namely CO 2 . It is important to note that the instantaneous emission of NO x does not itself induce radiative forcing because NO x is not a radiative forcing agent. However, emission pulses of NO x induce changes in the tropospheric distributions of CH 4 and O 3 , so NO x is an indirect greenhouse gas.
There are many questions concerning the wisdom of combining all the biogeochemical properties of the trace gases into a single climate change metric (Fuglestvedt et al. 2003 and the references therein). There are questions concerning the relationship between radiative forcing and climate response and whether the same climate sensitivity parameter is
